Possible changes in rainfall extremes in Peninsular Malaysia were assessed in this study using an ensemble of four GCMs of CMIP5. The performance of four bias correction methods was compared, and the most suitable method was used for downscaling of GCM simulated daily rainfall to the spatial resolution (0.25 ) of APHRODITE rainfall. The multi-model ensemble (MME) mean of the downscaled rainfall was developed using a random forest regression algorithm. The MME projected rainfall for four RCPs were compared with APHRODITE rainfall for the base year to assess the annual and seasonal changes in eight extreme rainfall indices. The results showed power transformation as the most suitable bias correction method. The maximum changes in most of the annual and seasonal extreme rainfall indices were observed for RCP8.5 in the last part of this century. The maximum increase was observed for 1-day and 5 consecutive days' rainfall amount for RCP4.5. Spatial distribution of the changes revealed higher increase of the extremes in the northeast region where rainfall extremes are already very high. The increase in rainfall extremes would increase the possibility of frequent hydrological disasters in Peninsular Malaysia. Shahid a, Nashwan et al. b). Sillmann et al. (a) compared ETCCDI indices computed from observations and model simulations by the Coupled Model Intercomparison Project phase 5
INTRODUCTION
Changes in both magnitude and variability of rainfall have been reported in different regions of the world due to global warming induced by climate change (IPCC ).
Small changes in the mean and variance due to climate change can produce relatively large changes in the probability of extreme events (Shahid et al. ; Nashwan et al. d) . Therefore, increases in rainfall extremes have been observed in many countries (Nashwan et al. c; Shiru et al. ) . Assessment of such changes is of importance for developing adaptation strategies to reduce the risks of precipitation extremes. A complete analysis of climate events requires an analysis of both their spatial and temporal extent (Shahid , ) . () used a random forest (RF), a machine learning algorithm, to develop MME of four CMIP5 GCMs and reported that RF can be efficiently used for developing MME. reported that estimation of extreme rainfall indices using APHRODITE is very similar to that obtained from stationbased data. Khan et al. () suggested that APHRODITE can be efficiently used for the projection of rainfall. In another study, Khan et al. () found APHRODITE to be suitable for assessing the spatial patterns of the trends in rainfall extremes of Peninsular Malaysia. APHRODITE has been developed using ground observations and, therefore, used as reference data in many studies (Chen et al. a) . Therefore, APHRODITE was used in the present study to represent historical observations of rainfall.
The gridded daily rainfall of GCMs, listed in Table 1 
METHODOLOGY
The main objective of this study is to assess the spatial and temporal variation of the projected future seasonal rainfall extremes (Table 2) of Peninsular Malaysia under different climate scenarios using an ensemble of four GCMs (Table 1) .
The following is an outline of the procedure used in this study.
1. The four GCMs' data (Table 1) were re-gridded spatially to 0.25 × 0.25 to match with APHRODITE spatial resolution.
2. MOS downscaling approach was used for the downscaling of the rainfall of four GCMs for the historical and future (2010-2099) periods where four different bias correction methods were used.
3. The output of each bias correction methodology was evaluated using the historical period against APHRO-DITE data to select the most robust bias correction method to be used in correcting the future period.
4. An ensemble of the downscaled GCMs' projections was generated using RF to reduce the uncertainty in the projection of rainfall.
5. The rainfall extremes (Table 2) were calculated using the ensemble projections of daily rainfall for three different future periods (2010-2039, 2040-2069 and 2070-2099) under different RCP scenarios.
6. The spatial pattern in the temporal changes in the future rainfall extremes during different periods and scenarios based on APHRODITE historical period were plotted and examined.
The methodology for assessing spatial and temporal variation of rainfall extremes is explained step by step as below.
Development of downscaling model
The MOS approach was used for downscaling of the rainfall of four GCMs to APHRODITE resolution. MOS, a statistical downscaling method, is widely employed, using less computational resources but providing as accurate results as the advanced dynamical downscaling methods. In MOS, the four selected GCMs were interpolated to APHRODITE grid The Y-axis in the left column represents the mean rainfall in millimetres.
output to select the most suitable bias correction method to be used for the correction of bias in GCM projected rainfall for different scenarios. The following is a brief description of the four bias correction methods used in the present study.
Linear scaling method
The LS method aims to perfectly match the monthly mean of GCM rainfall with APHRODITE rainfall. It operates based on the differences between observed and GCM rainfall. Rainfall is typically corrected with a multiplier as given below:
where, P cor m,d is corrected GCM rainfall a on the d th day of m th month, and P raw,m is the raw GCM rainfall on the d th day of m th month. μ represents the expectation operator (e.g., μ P obs,m represents the mean value of observed rainfall at given mon th m).
Power transformation method (PT)
The PT is a nonlinear method which corrects both mean and variance of rainfall:
where P cor is corrected GCM rainfall, P is raw GCM rainfall, a and b are the parameters obtained during the calibration period.
Gamma quantile mapping (Gamma QM)
The Gamma QM is a distribution mapping method which adjusts the GCM rainfall such that its statistical distribution matches with APHRODITE rainfall. It constructs a transfer function that transforms GCM rainfall to probabilities via the cumulative distribution function (CDF), and then transforms them back into data values using the inverse CDF (or quantile function) of the APHRODITE distribution The Gamma QM is a parametric quantile mapping which uses gamma distribution to represent the probability distribution function of GCM precipitation depending on two parameters. The gamma distribution is defined as:
where, α is the scale parameter, β is the shape parameter and Γ is the gamma function.
Generalized quantile mapping (Gen QM)
The Gen QM is also a parametric quantile mapping but using two theoretical distributions, the gamma distribution The bold values represent the nearest to the optimum for each statistical metric. and generalized Pareto distribution (GPD). By default, it applies a gamma distribution to values under the threshold given by the 95th percentile and a general Pareto distribution (GPD) to values above the threshold. The density function of the three-parameter GPD is:
where, σ is the scale parameter, ξ the shape parameter and μ is the location parameter.
Multi-model ensemble (MME) projections
Different GCMs projections have obvious heterogeneity and uncertainties. To reduce the associated uncertainty and improve the accuracy of the projection, the MME was adopted in this study using the downscaled outputs of four The developed MME model was then used to project future rainfall during the period 2010-2099 for RCP2.6, RCP4.5, RCP6.0 and RCP8.5. The extreme rainfall indices were calculated for three separate future periods (2010-2039, 2040-2069 and 2070-2099) and the spatial and temporal variations were compared with the historical APHRODITE rainfall data to assess their changes.
RESULTS

Evaluation of bias correction methodologies
The bias in the GCM simulated rainfall was corrected using four bias correction methods, namely, scaling, PT, Gen QM Table 3 . It can be clearly observed from Table 3 that bias-corrected rainfall by PT was the nearest to the optimum R 2 and RMSE. Therefore, PT was selected for the correction of bias in GCM simulated rainfall for both historical and future periods. , 2010-2039, 2040-2069 and 2070-2099 compared to base year (1961-2005) APHRODITE rainfall during northeast and southwest monsoons for different RCP scenarios. 
Changes in projected rainfall extremes
The spatial variation in annual rainfall was computed by comparing the annual MME projected rainfall with APH-RODITE gridded rainfall for all the grids over Peninsular Malaysia for three periods, 2010-2039, 2040-2069 and 2070-2099 . The spatial distribution of APHRODITE annual rainfall for Peninsular Malaysia is shown in Figure 1 . The spatial changes in rainfall extremes were evaluated using eight extreme indices defined in Table 2 . The changes for continuous dry days (CDD), consecutive wet days (CWD), R20 and TRD were estimated in number of days while EX5D, SDII and TOTP were estimated in percentage. The changes were evaluated by comparing the projected extremes for three periods, 2010-2039, 2040-2069 and 2070-2099 with the same extreme indices estimated using APHRODITE rainfall for the period 1961-2005 for all grids of Peninsular Malaysia.
The assessment was performed for two seasons, NE monsoon and SW monsoon, for each RCP scenario.
The spatial distribution of the percentage of variation in the total precipitation in wet days (TOTP) during the NE and SW monsoons for four RCPs is presented in Figure 4 . Overall, the variation of TOTP was found in the range between À7.37% and 29.45% during both seasons. However, the increase was projected to be higher during SW monsoon than the NE monsoon. During the NE monsoon, the increase in TOTP was observed in the north of the peninsular for all the RCPs up to 25%, while it was found to increase by 29.45% on the west coast during the SW monsoon. A consistent decrease in TOTP was also observed for all RCPs for all the three future periods in the northwest of the study area during the SW monsoon. the NE monsoon, the variation was in the range of À25% to 10%. The decrease in the SDII was observed in the northeast and the southwest while the increase was observed mostly in the northwest. During the SW monsoon, the per cent of variation for SDII was in the range of À5% to 35%. An increase in SDII was observed in the entire peninsula except for the southern tip where it was found to decrease by À5%.
Percentage of changes in maximum 1-day rainfall (Ex1D) in three future periods and RCP scenarios are shown in Figure 6 . For the NE monsoon, a change in Ex1D in the range of À40% to 60% was observed. For the SW monsoon, the variation was in the range of À15% to 50%. The variation was almost the same for both NE and SW monsoons. An increase in Ex1D was observed in the northern region while a decrease was seen in the south and southwest region.
The percentage of changes in the maximum 5-day rainfall is shown in Figure 7 . The observed change was in the range of , 2010-2039, 2040-2069 and 2070-2099 compared to base year (1961-2005) APHRODITE rainfall during northeast and southwest monsoons for different RCP scenarios.
À45% to 55% during the NE monsoon, while it was in the range of À25% to 45% during the SW monsoon. The variation in spatial distribution of this index was found to be similar for both NE and SW monsoons. The maximum increase was observed in the north with a decrease in the east for both the seasons.
Changes in the number of days with 20 mm rainfall (R20) is shown in Figure 8 . A decrease in R20 was observed in most parts of Peninsular Malaysia while there was an increase in the northern region during the NE monsoon.
An increase in R20 was observed for the SW monsoon in most parts of the country. However, a decrease was also observed in some parts in the coastal region in the south and west during the SW monsoon. Figure 9 shows the variation in CDD in Peninsular Malaysia under different RCPs. During the NE monsoon, the number of CDD was found to decrease in the east and increase in the south. For the SW monsoon, the number of CDD was found to decrease in the north, while increasing in the south.
It can be noted that there would be more wet days during the SW monsoon as the number of CDD during the SW monsoon are less as compared to the NE monsoon. Figure 10 shows the changes in the number of CWD for different future periods and scenarios. The number of CWD was found to increase in the southern region while decreasing in the northern region during the NE monsoon. In the SW monsoon, it was found to increase in the north and northeast, but decrease in the south. Figure 11 illustrates the changes in total number of rainy days (TRD) in a year in Peninsular Malaysia due to climate change. The TRD was found to increase in most parts of the country during both the seasons, although a decrease was also observed in the south. The patterns of spatial distribution were almost the same during both the seasons.
However, a higher variation (À30 to þ60 days) was observed during the SW monsoon compared to NE monsoon.
DISCUSSION
A MOS-based statistical downscaling approach was used to downscale the rainfall from selected GCMs. For this purpose, four commonly used bias correction approaches were compared and the most suitable downscaling technique was used to project the rainfall. An MME model was developed to generate a single rainfall projection from the simulations of four GCMs in order to project the spatiotemporal changes in rainfall extremes in Peninsular Malaysia. Finally, the spatial variation of MME projected extreme indices was compared with that estimated using APHRODITE rainfall for the historical period to show the possible changes. The PT was found to be the most suitable downscaling method. It was observed that MME can efficiently project the rainfall. Therefore, the MME projected rainfall was used to assess the variations in the annual extremes for Peninsular Malaysia.
During the NE monsoon, the number of CDD was found to decrease in the east and number of CWD was found to increase in the south, which means there will be more rainy days in the south and east during the NE monsoon. During the SW monsoon, the maximum number of CWD was found to increase in the north and northeast, while a decrease in the number of CDD was found in the north, which means the north can have rainier days during the SW monsoon.
There may be more wet days during the SW monsoon as the number of CDD during SW monsoon are projected to be less compared to the NE monsoon. For maximum 1-day rainfall, the overall changes in both NE and SW monsoons were similar.
The overall increase was observed in the northern region. For maximum 5-day rainfall, the changes were also found to be similar for both NE and SW monsoons. The maximum increase was observed in the northern region. It can be said that more and intense rainfall can happen in the northern part due to climate change. The range of change was found greater during the NE monsoon for both maximum 1-day and maximum 5-day rainfall.
For R20, the maximum increase was observed in the northern part during the NE monsoon, while the increase was observed in almost all parts of the country during the SW monsoon. In the case of SDII, more variation was observed during the SW monsoon compared to NE monsoon. The increase in TOTP was observed in the east while a decrease was found in the north of the peninsula. The TRD was found to increase in most parts of the country during both the seasons, although a decrease was also observed in the south. The spatial distribution was found to be almost the same during both the seasons; however, more variation in TRD was observed during the SW monsoon compared to NE monsoon.
CONCLUSION
Although both an increase and decrease were observed for different indices, it can be concluded that future seasonal In this study, we used MOS-based statistical downscaling method; PP method can also be used, and the obtained results can be compared with the MOS method in future.
Four GCMs were used to develop a MME for the projection of rainfall extremes, more or less number of other GCMs, chosen using different GCM selection methods, can be developed for using MME. For assessing the changes in rainfall extreme indices, the MME projected rainfall was compared with the APHRODITE rainfall indices. Other types of gridded data products can be used for assessing uncertainty in projection that arises due to the gridded data used.
